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1 
 
Abstract— Broadband high-gain 2-D Fabry-Perot (FP) Leaky-
Wave Antennas (LWAs) consisting of two periodic 
metallodielectric arrays over a ground plane are presented. Full-
wave method of moments (MoM) is employed for the estimation 
of the near fields upon plane wave illumination and the 
extraction of the far field directivity and radiation patterns of the 
LWA. This yields a fast and rigorous tool for the characterization 
of this type of antennas. Qualitative design guidelines to tailor the 
antenna directivity bandwidth are provided for the first time 
based on a detailed analysis of the excited modes. Numerical 
examples are given to demonstrate the technique and prove the 
improvement in the antenna bandwidth. The proposed antenna 
exhibits a six-fold bandwidth improvement compared with the 
single array LWA with the same directivity. Simulated and 
experimental results from a finite size antenna prototype are 
presented. 
 
Index Terms — periodic surfaces, Leaky-Wave antennas (LWAs), 
Broadband antennas, High directive antennas.  
I. INTRODUCTION 
IGHLY directive two dimensional Fabry-Perot cavity 
type Leaky Wave antennas have received significant 
research interest in the last few years. They provide numerous 
advantages such as low complexity feeding network, high 
efficiency and compatibility with established manufacturing 
technologies [1-17]. In these antennas, the cavity resonance 
increases the directivity of a single radiating source positioned 
in the cavity (Fig. 1). The higher directivity typically results in 
a narrower bandwidth which is a disadvantage in modern 
communication systems. Therefore, the design of high-gain FP 
LWAs, which also exhibit a broad bandwidth performance, 
remains a significant challenge. 
Different approaches have been adopted to overcome the 
bandwidth limitation. Recently, the authors of [18-20] 
replaced the single feed by a sparse array feed increasing the 
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radiating aperture size and thus widening the bandwidth of the 
antenna for a fixed gain value. However, this design adds 
complexity in the antenna implementation due to the multiple 
feeds. Tapered-size partially reflective surfaces (PRSs) and 
artificial magnetic conductors have also been employed with 
the same purpose [21, 22]. In [10], a condition was derived for 
the PRS in single-feed FP antennas to exhibit a reflection 
phase increasing with frequency in order to achieve wide 
bandwidth. More recently, an optimised broadband FP antenna 
design with compact lateral dimensions and lateral cavity 
walls has been reported in [23]. The design was based on a 
double-layer metallo-dielectric PRS with different array 
element size (i.e. arrays with dissimilar reflectivity). The 
double-layer array configuration provided a reflection phase 
response that increased almost linearly with frequency within 
a frequency range. As a result, the resonance condition of the 
cavity was satisfied over a wider range of frequencies thus 
increasing the antenna bandwidth. Subsequently, two-layer 
PRS arrays have also been employed for bandwidth 
enhancement of FP antennas in other interesting 
configurations [24-27]. Nevertheless, a detailed design 
procedure for bandwidth enhancement of FP LWAs has yet to 
be presented. Moreover, the modes excited within double-
layer PRS FP cavity antennas have not been studied in detail 
[28-30]. 
 
a)  b) 
Fig. 1 Cross-section of a) double layer free-standing dipole PRS Leaky-
Wave Antenna and b) unit cell dimensions of the double layer dipole PRS. 
 
In this paper, we present for the first time a qualitative 
design and experimental validation of broadband 2-D periodic 
FP LWAs based on optimised double-layer PRSs. Using full-
wave spectral domain periodic analysis together with 
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2 
reciprocity [12-13, 31-32], we demonstrate that a two-cavity 
antenna provides increased bandwidth as a result of coupling 
the modes associated with either cavity. Subsequently, we 
investigate the directivity, radiation bandwidth and patterns of 
LWAs composed of double layer two-dimensional periodic 
arrays acting as PRSs over a ground plane, as shown in Fig. 1. 
The modes excited in the FP cavities of the antenna are 
carefully examined following a qualitative parametric study.  
An optimal finite size LWA is simulated using CST 
Microstripes and subsequently fabricated in order to validate 
the accuracy of the design method. The gain and principal 
plane radiation patterns are measured and compared to those 
obtained from full-wave simulations. 
II. PERIODIC ANALYSIS OF DOUBLE LAYER PRS ANTENNA  
In [23], a simple ray optics analysis was used to design a 
double layer LWA with broadband response based on the 
optimization of the double layer PRS [10]. In this section, a 
full wave analysis is employed instead [32]. Let us consider a 
working example consisting of a lower square patch PRS array 
(PRS1) with dimensions, LPRS1=10.7mm within a square unit 
cell of D=11mm and an upper square patch PRS array (PRS2), 
with dimensions LPRS2=6mm within the same unit cell. The 
arrays are considered to be printed on a 1.6mm thick dielectric 
substrate with dielectric constant 4.2 and loss tangent 0.025 at 
14GHz (i.e. characteristics of the FR-4 employed in the 
fabrication) and separated by a distance S=9.5mm (Fig. 1). 
Periodic MoM is used to calculate the reflection coefficient, 
magnitude and phase and is shown in Fig. 2a. A minimum 
reflection magnitude appears at 14.2 GHz. The reflection 
phase increases with frequency in the vicinity and in particular 
in the range between 13.9 GHz and 14.5 GHz. Therefore, 
according to the conclusions of [23], broadband LWA 
directivity would be expected within this frequency range. To 
prove this, the FP-LWA is subsequently formed by placing the 
double-layer PRS above a ground plane at distance hr, 
estimated by a ray optics approximation [9]. The value of hr 
was chosen at approximately 10.7 mm so that the theoretical 
optimum PRS phase obtained from ray analysis (Fig. 2a) 
matches the reflection phase of the double layer PRS within 
the frequency range.  
In the following, the technique introduced in [12, 32] is 
employed for the analysis of the FP-LWA under investigation. 
A full-wave periodic spectral domain MoM analysis of the 
antenna unit cell is carried out and the excited near field 
within the antenna cavities, at z1= S/2 and z2= hr/2, is sampled. 
By reciprocity, the far field radiation performance of the 
antenna is obtained, under the assumption of a Hertzian dipole 
excitation at the centre of the lower cavity (i.e. z2) [32]. For 
the estimated value of hr, the directivity and power density are 
calculated as in [32]. The power density radiated at broadside 
(∝ |E|2) by the double layer LWA with a y-polarized point 
source with unit electric field amplitude (V/m) at z2 is depicted 
in Fig. 2b, expressed in dB and normalized to 1 W/m
2
. The 3-
dB radiation bandwidth at broadside, marked with a blue 
arrow in Fig. 2b, is defined as the frequency range where the 
power density level radiated at broadside is within 3dB of its 
maximum, thus 6%. In order to obtain the directivity 
exploiting reciprocity, this value should be normalized against 
the integral of the power density for all possible angles of 
incidence [32]. This value can be estimated using MoM and 
reciprocity arguments after extracting the 3-D radiation 
performance and represents the total power radiated to all 
directions when excited by an ideal polarised source at the 
observation point, Prad. The directivity at broadside is also 
presented in Fig. 2b with a black line while Prad is 
superimposed in red. As shown, although the radiation 
bandwidth increases significantly when compared to common 
single layer FP LWA [1, 9-17], the directivity bandwidth 
increases only slightly. The directivity curve shows a 
maximum value at 13.85 GHz, which smoothly decreases with 
frequency up to 14.5 GHz; beyond that point, the directivity 
drops rapidly. 
 
a)  
b)  
 
Fig. 2 a) Reflection coefficient (normal plane wave impinging PRS1) as 
obtained using MoM. The optimum phase is also calculated using ray optics. 
and b) Directivity and power density radiated at boresight by the LWA excited 
by a y-polarised Hertzian dipole at z2. The total radiated power by the antenna 
is also plotted. 
 
The reduced directivity bandwidth can be explained by the 
variation of the total radiated power by the antenna, Prad, with 
frequency. As shown, a significant reduction of the radiated 
power is observed at low frequencies. This is due to the fact 
that at low frequencies the resonant leaky odd mode of the 
cavity is close to and eventually below cut-off and thus 
weakly excited; the fields below cut-off are evanescent and are 
concentrated in the near-field region of the antenna. Due to the 
inverse relation between total power radiated and directivity, 
the low values of the power radiated cause the directivity to be 
higher at low frequencies thus altering the flat broadband 
response of the power density. Thus, ray optics provides a 
good starting point design for broadband antennas albeit 
further optimizations are still required.  
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A. Near-Field analysis and modes excited in the LWA 
In order to improve the directivity bandwidth of the antenna, 
the excited near fields are carefully examined. In particular, 
the magnitude and phase of the y-component of the electric 
near field excited at the centre of the two cavities of the LWA 
(i.e. z1, z2 in Fig. 1) under normal plane wave illumination is 
calculated and depicted in Fig. 3. A null of the field at z1 
appears at 14.2 GHz which also corresponds to the point of 
minimum reflection (see Fig. 2a). Two peaks on either side of 
the null indicate two resonances associated with this structure. 
Observing the phase of the fields, the lower frequency 
resonance is attributed to an odd mode (fields π-rad out of 
phase, antiparallel fields) while the higher frequency to an 
even mode (in phase, parallel fields). The emergence of even 
and odd modes in coupled resonator structures is 
commensurate to coupled resonant cavity structures, such as 
those encountered in distributed RF filters [33]. In light of this 
observation, in the remaining we present a study of the modes 
excited in the antenna of Fig. 1. 
 
Fig. 3 Magnitude and phase of the y-component of the excited electric near-
field at z1 and z2 when a GP is placed at hr=10.7 mm. 
 
For a uniform LWA the dispersion of the leaky mode is 
inherently linked with the direction of maximum directivity; in 
particular the phase constant (β) of the leaky mode is 
proportional to sin(θ), where θ is the angle of incidence 
relative to the Z-axis, Fig. 1.  Therefore, the evolution of the 
modal properties can be understood by studying the directivity 
of the antenna for different angles, and frequencies. The 
study is based on the dimensions of the antenna in Fig. 2. For 
the sake of brevity, only the E-plane is considered here, which 
corresponds to TM leaky modes [32]. Similar graphs and 
conclusions can be extracted for the H-plane and TE leaky 
modes. Without loss of generality and in order to simplify the 
study, no dielectric support is taken into consideration. 
Moreover, with reference to Fig.1, we set hr=S=10.7 mm, 
which in the absence of external reactive loading from PRS2 
suggests that the two cavities are synchronously tuned [33]. 
The latter condition is valid when the external coupling to the 
coupled resonator system is weak; this is the case of a very 
reflective PRS2, which here is imposed by setting 
LPRS2=10.99mm. Under these conditions, the directivity as a 
function of the angle for various frequencies and different 
values of LPRS1 is plotted in Fig. 4. 
As shown, in the case of a very reflective PRS1, 
(LPRS1=10.99mm), the line of directivity maxima is unique 
indicating that a single TM mode is associated with the two 
cavity structure. This is attributed to the very high reflectivity 
of PRS1, which suggests that the two cavities are very weakly 
coupled; in accordance to the case of two weakly-coupled 
synchronously tuned resonators, the split of modes to even and 
odd is not observed. Instead, and since the leakage of the 
antenna is very small, the dispersion of the TM modes in the 
two cavities resembles the dispersion of a parallel plate 
waveguide with the same dimensions, which is superimposed  
in Fig. 4a with a dash black line. The two resonators are 
isolated and support uncoupled TM modes with cut-off 
frequency at around 14GHz given by Eq. 1 
r
c
h
m
k

                 (1) 
a)  
b)  
c)  
Fig. 4 Directivity at different angles for the synchronous cavity excited by a 
unit amplitude electric line source located at z2 when a GP is placed at hr=10.7 
mm, S=hr, LPRS2= 10.99 mm and LPRS1 a) 10.99mm, b) 10mm and c) 5mm. 
 
As the reflectivity of PRS1 reduces the modes associated 
with the two cavities are increasingly coupled; coupled mode 
theory [33] predicts that the frequency split to odd and even 
modes increases as the level of coupling increases. This is 
observed in Fig. 4b, 4c, which show the cut-off frequency of 
the odd and even modes at fodd = 14GHz and feven=15.8GHz 
and fodd = 14GHz and feven=19.3GHz respectively. It is noted 
that the phase plots associated with Fig. 4 have been obtained 
(are not shown here for brevity) and are commensurate with 
the use of the terms odd and even. Secondary maxima are 
observed at about 60° for high frequencies, these are grating 
lobes of the periodic PRS1 employed (D=11mm). It is further 
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4 
noted that for the case of synchronously tuned resonators, the 
split of the cut-off frequencies between the even and odd 
mode is related to the coupling coefficient, k, using [33] 
22
22
oddeven
oddeven
ff
ff
k


                (2) 
Further investigations in this direction that can potentially lead 
to a deterministic design of multilayer FP antennas will be the 
aim of a future paper. 
a)  
b)  
Fig. 5 Directivity at different angles for the cavity excited by a unit 
amplitude electric line source located at z2 when a GP is placed at hr=10.7 
mm, S=hr, LPRS1= 10 mm and LPRS2 is a) 9mm, and b) 5mm. 
 
Next, we investigate the effect of varying LPRS2 for 
LPRS1=10mm. Coupled resonator theory suggests that 
introducing external coupling will reactively load the 
resonator formed between PRS1 and PRS2, so that the 
synchronously tuned assumption is no longer valid. For 
asynchronous coupled resonators other appropriate formulas 
are employed on the calculation of the coupling coefficient (3) 
where fr2 and fr1 are the resonant frequency of each cavity 
resonator [33]. 
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As the reflectivity of PRS2 reduces (LPRS2=9mm in Fig. 5a) the 
cut-off frequency of both modes appears at higher frequencies 
(fodd = 14.2GHz and feven=16.2GHz) and the even mode 
resonance becomes less evident; as the transparency of PRS2 
increases (LPRS2=5mm in Fig. 5b) the resonance in the cavity 
formed by PRS1 and PRS2 becomes weaker and the modal 
characteristics become similar to that of the single layer PRS1 
LWA or equivalently a parallel plate waveguide with 
dimensions hr=10.3mm.  
In the context of asynchronously tuned cavities, we also 
investigate the effect of modifying the distance between the 
two periodic arrays, S. The directivity at boresight vs. 
frequency for different values of S, when LPRS1=10.7mm, 
LPRS2=6mm and hr=10.7mm is presented in Fig. 6. Reducing 
the distance between the two arrays results in a stronger 
excitation of the odd mode (peak at lower frequency) and a 
weaker excitation of the even mode (peak at higher 
frequency). The peak of the odd mode moves slightly towards 
higher frequency values and becomes sharper, due to the 
higher reflectivity values of the individual patch array at 
higher frequencies. The contrary happens if S increases. 
Larger S values further lead to wider separation between the 
odd and even mode response. It is instructive to note that all 
curves of Fig. 6 cross at the same point; the corresponding 
frequency coincides with a field null between the two PRS 
arrays, Fig. 3 (also the minimum reflectivity point in Fig. 2a) 
and, as expected, this frequency point is not affected by the 
distance between the two arrays. 
 
Fig. 6 Simulated directivity at boresight of the double-layer PRS LWA for 
varying distance between the PRS arrays, S, obtained using full-wave MoM. 
 
B. Optimized double layer LWA 
In view of the modal characteristics of the double layer 
LWA discussed above, a design offering broadband operating 
frequency with reduced directivity ripple has been numerically 
optimized. The directivity of the optimized design at various 
angles and frequencies is depicted in Fig. 7a and b, for H-
plane (TE mode) and E-plane (TM mode) respectively. Both 
PRSs are printed on dielectric substrates as in Fig. 2 to allow 
for a rigid fabricated antenna prototype. The square unit cell 
edge is D = 11mm for both arrays. The square patch edge of 
PRS2 is LPRS2=5.0 mm whilst for PRS1 is LPRS1=10 mm (Fig. 
1). The separation distance of the two dielectric boards is S 
=10.1 mm. The two boards are separated by air and located on 
top of a ground plane at distance hr=10.9 mm. The power 
density radiated at boresight as a function of the frequency is 
shown with black dash line with triangle marker in Fig. 8. It 
proves a stronger excitation of the even mode, which 
compensates the increased power radiated by the antenna at 
higher frequencies. The 3dB directivity bandwidth at 
broadside as obtained by full-wave MoM for infinite arrays, 
(Fig. 8 with a dash blue line) is over 11% with a maximum 
directivity of 20.2dBi and a ripple of less than 2 dBi. For 
comparison, the 3dB directivity bandwidth of a single layer 
patch PRS LWA with the same directivity, 20.2dBi at 14GHz, 
on the same substrate, and with dimensions LPRS= 8.5 mm, 
D=11 mm and hr=9.2 mm is 1.65% which shows a directivity 
bandwidth enhancement by a factor of six for the double layer 
PRS FP LWA with an ideal source. As a note, dual-band 
LWA can be achieved using the proposed approach. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
5 
a)  
b)  
Fig. 7 Directivity of the a) H- plane (φ=0°) and b) E-plane (φ=90°) vs. 
frequency for the optimised double layer LWA excited by a unit amplitude 
electric line source located at z2. 
 
 
III. FINITE-SIZE MODEL AND EXPERIMENTAL RESULTS 
The optimized double-layer PRS LWA was simulated in 
CST Microstripes
TM
 considering a finite lateral size with 
dimension 28 x 28 cm
2, i.e. just over 13λ, which allows to 
minimize edge effects. Simulations of the performance of the 
feeding source were also carried out. Initially, the cavity was 
fed by a 3mm long thin wire model dipole located parallel to 
the y-axis and at hr/2 in order to validate the design method 
presented in this paper. Subsequently, an accurate simulation 
model for a practical dipole source was constructed. The 
cavity was fed by a 2 mm semi-ridged co-axial cable inserted 
through a drill hole in the ground plane. The hole punctures 
the ground plane at the centre and the coaxial goes through to 
the middle of the cavity formed between the lower PRS and 
the ground plane. For the purpose of these simulations the 
outer shield of the co-axial cable was insulated from the 
metallic ground plane. Simulations carried out indicate that 
soldering the outer shield of the co-axial cable to the ground 
plane alters the radiation patterns obtained. The inner 
conductor of the coaxial, with dimensions 0.455 mm, is 
extended to the middle of the cavity (e.g. z=hr/2= 5.45 mm) 
and bent parallel to the plane of the antenna (XY-plane in Fig. 
1). 
The gain at boresight as obtained using Periodic MoM-
reciprocity as well as CST MS
TM
 with the ideal wire dipole 
model and the coaxial monopole feed is shown in Fig. 8. A 
very good agreement is observed between the design 
technique (dash blue line) and the finite antenna fed by the 
ideal wire dipole model (black line) along the whole frequency 
band. The agreement with the coaxially fed finite antenna 
(grey line with dot marker) is fairly good at the centre and 
upper frequency band; however, we observe a disagreement at 
lower frequencies. This effect was further studied concluding 
that the vertical currents flowing on the inner coaxial that fed 
the “realistic” dipole affect the mode excitation in the cavity. 
In particular, at low frequencies (f<fodd) a TM mode which is a 
perturbation of the quasi-static TEM mode of a parallel-plate 
waveguide is excited in the cavity due to the currents on the 
inner coaxial wire section perpendicular to the ground plane. 
As a result, the total radiated power at low frequencies 
increases (red dash line with star marker in Fig. 8) which leads 
to lower directivity values and therefore lower values of the 
gain. In the case of the ideal y-polarised dipole excitation, this 
mode is not excited Prad (red dash line in Fig. 8) and remains 
low at lower frequencies. It is noted that the antenna radiation 
efficiency is between 84-89% within the frequency band of 
interest. Losses are mainly due to the FR4 substrates.  
 
Fig. 8 Gain, radiated power density and total radiated power at boresight of 
the optimised double layer square patch PRS cavity antenna, as obtained using 
Periodic MoM-reciprocity and CST MicrostripesTM 2009 with an ideal dipole 
feed and a coaxial fed dipole. 
 
i)        ii) 
 
iii)        iv) 
 
v)         vi) 
 
Fig. 9 Simulated E- and H-plane radiation pattern at i) 13.2 GHz, ii) 13.4 
GHz, iii) 13.7 GHz, iv) 13.9GHz, v) 14.3GHz and vi) 14.4GHz for the 
antenna of Fig. 4 which was fed by a bent coaxial monopole. 
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A. Directivity Bandwidth Characteristics 
The simulated H- and E- plane radiation patterns for the 
antenna fed by a coaxial monopole are shown in Fig. 9 
between 13.2 and 14.4GHz. At low frequencies outside the 
operating band, i.e. at 13.2GHz, the patterns are distorted and 
high Side Lobe Levels (SLL) are observed. This is mainly due 
to the TM mode excited by the feeding source. Between 13.4 
and 14.3GHz (i.e. frequencies within the 3dB bandwidth – 
shaded area in Fig. 8) a broadside pencil beam is obtained 
across the band with a SLL lower than 20dB and 30dB in the 
E and H-plane respectively. Higher SLL are observed in the E-
plane due to the spurious radiation of the unwanted TM mode 
which could not be predicted in the diagrams of Fig. 7 as an 
ideal source was considered. At 14.2GHz the even leaky mode 
starts radiating at broadside and both modes coexist in the 
antenna. At higher frequencies, i.e. 14.4 GHz, the even leaky 
mode is already in the scanning region as predicted in Fig. 7, 
which creates a conical scanned beam, as expected from bi-
directional LWAs, and the SLL increases due to radiation 
from higher order leaky-wave modes. The cross-polarization 
level is lower than -30dB for both planes. 
B. Experimental measurements 
The wideband LWA has been manufactured. The patches of 
each layer were etched on FR-4 substrates. The two layers 
were separated by an air cavity and attached to each other by 
the use of four plastic screws placed in the four corners of the 
dielectric boards and four at the central part of each side. 
Plastic spacers were also used to keep the boards parallel and 
at the specified distances above each other (dimension S= 
10.1mm), as shown in Fig. 10. The antenna has been formed 
using the double-layer PRS attached to a ground plane by the 
use of the same plastic screws and plastic spacers placed in the 
four corners of the metallic ground plane board, 28 x 28 cm
2
, 
and at the central point of each side. A central monopole 
manufactured by bending the inner connector of a semi-rigid 
coaxial cable was used as a feeding source. Limitations in the 
accuracy of the measurements mainly relate to the alignment 
of the PRSs and/or the flatness across the lateral dimension of 
the FR-4 boards. As shown in the parametric study of Section 
II, distances are critical. Therefore, it is essential that S and 
more importantly hr are accurate since they will determine the 
level of excitation and frequency at which odd and even 
modes will be excited. For this reason, in the measurements 
the resonant distance, hr, was slightly altered to 10.2 mm due 
to the boards being slightly bowed at the centre. 
The gain and the radiation patterns of the antenna were 
measured in an anechoic chamber. The measurement set-up is 
presented in Fig. 10 with a detailed description of the source 
employed. The dynamic range of the measurements was -
35dB. The gain and return loss of the transmitting antenna was 
measured and are depicted in Fig. 10, together with the 
simulation results. As can be observed, high gain is obtained 
between 13.4 GHz and 14.1 GHz, with a maximum value of 
17.44dBi. The simulated input reflection coefficient is smaller 
than -6dB within the frequency band of interest with a 
minimum of -31dB at 14GHz. The measured input reflection 
coefficient is even lower at the lower end of the operating 
band and remains well below -10dB across the band. This 
indicates that reflection losses are very minor. The 
disagreement at the second maximum (f=14.1 GHz) was due 
to the misalignment of the PRSs which caused the antenna to 
radiate its maximum at a different angle (not at θ=0 as shown 
here). This can be observed in Fig. 11c (H-plane). The 3dB 
fractional bandwidth is approximately 6%.  
The H- and E- plane radiation patterns were measured for the 
antenna at three different frequencies within the frequency 
band and are shown in Fig. 11. Good agreement between 
simulation results using CST MS
TM
 and measurements is 
observed. The SLL remains lower than -20 dB in the H-plane 
and E-plane within the frequency band. The cross polarization 
level has been measured and is below -28 dB throughout the 
frequency range studied. 
 
 
 
Fig. 10 Photographs of the antenna prototype, feeding sketch and 
measurements set-up. Measured and simulated gain and return loss. 
IV. CONCLUSIONS 
A rigorous analysis and design of broadband highly directive 
FP LWAs employing an optimised double-layer PRS has been 
presented using periodic MoM together with reciprocity. The 
technique is fast and accurate for the design of the proposed 
antennas. An analysis of the field distribution in the cavities 
formed between the PRS layers and the ground plane has 
demonstrated the excitation of a parallel (even) and 
antiparallel (odd) mode within the antenna operating 
frequency band. The effect of the PRS element dimensions 
and the thickness of the cavities on the two excited modes 
have been rigorously studied. Design guidelines for optimising 
the bandwidth of these antennas have been presented yielding 
an antenna design with bandwidth six times wider than that 
obtained by a single array LWA with the same directivity. The 
results have been validated using a 3D full-wave 
electromagnetic simulator. An antenna prototype has been 
fabricated and experimentally tested, validating the accuracy 
of the design technique. Future work will be directed towards 
a deterministic design of multilayer FP antennas using 
coupled-resonant-cavity theory. The limitations in the 
maximum attainable bandwidth-gain product of multi-layer FP 
antennas can be assessed using the proposed design approach. 
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Fig. 11 Measured H-plane (red plots) and E-plane (blue plots) radiation 
pattern at a) 13.5 GHz, b) 13.9 GHz and c) 14.1 GHz. 
